Abstract. The melting-like transition in disordered sodium clusters Na92 and Na142 is studied by performing density functional constant-energy molecular dynamics simulations. The orbital-free version of the density functional formalism is used. In Na142 the atoms are distributed in two distinct shells (surface and inner shells) and this cluster melts in two steps: the first one, at ≈130 K, is characterized by the development of a high intrashell atomic mobility, and the second, homogeneous melting at ≈270 K, involves diffusive motion of all the atoms across the whole cluster volume. On the contrary, the melting of Na92 proceeds smoothly over a very broad temperature interval, without any abrupt change in the thermal or structural indicators. The occurrence of two steps in the melting transition is suggested to be related to the existence of a grouping of the atoms in radial shells, even if those shells present a large degree of internal disorder. It then appears that a cluster can be considered fully amorphous (totally disordered) only when there are no radial regions of low atomic density separating shells. The isomer of Na92 studied here fulfills this criterion and its thermal behavior can be considered as representative of that expected for fully amorphous clusters. Disordered Na142, on the other hand, that has a discernible structure of an inner and a surface shell, should be considered as not fully disordered. The thermal behavior of these two clusters is also compared to that of icosahedral (totally ordered) sodium clusters of the same sizes.
Introduction
Cluster melting is a topic of current theoretical [1] [2] [3] [4] [5] [6] [7] [8] and experimental [9] [10] [11] [12] interest, motivated by the observation of several features which have no analog in the bulk phase. The most striking new feature is that the melting transition does not occur at a well defined temperature as in the solid, but spreads over a finite temperature interval that broadens as the cluster size decreases. The lower end of that interval defines the freezing temperature T f below which the cluster is completely solidlike, their constituent atoms just vibrating about their equilibrium positions. The upper part of the interval defines the melting temperature above which all the atoms can diffuse across the cluster and the "liquid" phase is completely established. Between those two temperatures the cluster is not fully solid nor fully liquid [13] . It is in that transition region where the cluster-specific behavior emerges: (i) premelting effects, like partial melting of the cluster (the most usual case is surface melting) [14] , or structural isomerizations upon heating [15] , which lead to a melting in steps.
(ii) The dynamical coexistence regime, where the cluster can fluctuate in time between being completely solid or liquid [16] . Also, strong nonmonotonic variations of the [2, 23, 24] physics. Its main advantage over KS-based methods is that the computational effort to update the electronic system increases linearly with the cluster size N , in contrast to the N 3 scaling of methods based on orbitals. Indeed, our previous calculations [7, 8] were the first molecular dynamics simulations of such large clusters as A 92 and A 142 , with A = Na, K, Rb, Cs, that included an explicit treatment of the electronic degrees of freedom. This "explicit treatment of the electronic degrees of freedom" is, however, only approximate as quantum-shell effects are not reproduced by the specific electronic kinetic energy functional employed in this work (see next section). Thus, whatever the effect The European Physical Journal D on cluster melting associated with electronic shell closings may be, it will not be properly described by our calculations, which thus should be considered as quite useful in finding generic effects but not as fully predictive at a quantitative level.
An important issue in the simulations of cluster melting is the the low-temperature isomer to be heated, as the details of the melting transition are known to be isomer-dependent [25] . The problem of performing a realistic global optimization search of the structure of a cluster becomes exponentially difficult as its size increases, so finding the low temperature global minimum of Na 92 and Na 142 becomes a hard task. Our numerous geometry optimizations by an unconstrained search method such as simulated annealing, starting with randomly generated structures, always have led to disordered isomers both for Na 92 and Na 142 . On the other hand, in previous work [7, 8] we have studied the melting of icosahedral isomers, as there are some experimental [9] and theoretical [26] indications that suggest icosahedral packing in large alkali clusters. Those icosahedral structures are, in fact, energetically more stable than the disordered ones for Na 92 and Na 142 at the OF level, and we obtained good agreement for the melting temperatures with the experimental results of Haberland's group [10] . Although the disordered structures are less stable at the OF level, the energy difference between icosahedral and disordered isomers is only about 0.02 eV/atom, which is very small. Amorphous-like structures have been found recently to be the ground state of gold clusters for a number of sizes [27, 28] , and pair potential calculations performed by Doye and Wales predict that amorphous structures are favored by long potential ranges [29] . The specific features of those structures are little or no spatial symmetry and a pair distribution function typical of glasses. Besides, one usually finds a large number of amorphous isomers nearly degenerate in energy, which suggests that they occupy a substantial fraction of the phase space available to the cluster. Both the proximity in energy to the more stable icosahedral isomers and the large entropy associated with the amorphous part of the phase space make plausible that disordered isomers could be present in the cluster beams, so their thermal properties deserve specific investigation. Apart from this, the study of melting in amorphous-like clusters is intriguing from a theoretical point of view. Thus the goals of this work are to study the mechanisms by which the meltinglike transition proceeds in the disordered isomers of Na 92 and Na 142 , to study the influence of the degree of disorder on the melting behavior, and to make a meaningful comparison with the melting of the icosahedral isomers. In the next section we briefly present some technical details of the method. The results are presented and discussed in Section 3 and, finally, Section 4 summarizes our main conclusions.
Theory
The details of our implementation of the orbital-free Car-Parrinello scheme have been described in previous work [6] [7] [8] , so we just present briefly the main technical issues. The electronic kinetic energy functional of the electron density is approximated by the gradient expansion around the homogeneous limit through second order [19, [30] [31] [32] . This means that we keep the local Thomas-Fermi term and the lowest order density gradient correction. The local density approximation is used for exchange and correlation [33, 34] . The ionic field acting on the electrons is represented by the local pseudopotential of Fiolhais et al.
[35] The cluster is placed in a unit cell of a cubic superlattice with edge 71 a.u. and the set of plane waves periodic in that superlattice, up to an energy cutoff of 8 Ry, is used as a basis set to expand the valence density. Following Car and Parrinello [18] , the coefficients of that expansion are regarded as generalized coordinates of a set of fictitious classical particles, and the corresponding Lagrange equations of motion for the ions and the electron density distribution are solved as described in references [6, 7] . A 64×64×64 grid was used, and the fictitious mass associated with the electron density coefficients ranged between 1.0×10 8 and 3.3×10 8 a.u. The equations of motion were integrated using the Verlet algorithm [36] for both electrons and ions, with a time step ranging from ∆t = 0.73 × 10 −15 s for the simulations performed at the lowest temperatures to ∆t = 0.34×10 −15 s for those at the highest temperatures. These choices resulted in a conservation of the total energy better than 0.1%. Several molecular dynamics simulation runs at different constant energies were performed in order to obtain the caloric curve for each cluster. The initial positions of the atoms for the first run were taken by slightly deforming the starting low temperature geometry of the cluster. The final configuration of each run served as the starting geometry for the next run at a different energy. The initial velocities for every new run were obtained by scaling the final velocities of the preceding run. The total simulation time was 20 ps for each run at constant energy.
The theoretical indicators employed to locate the melting-like transition were: (a) the caloric and specific heat curves as a function of the internal cluster temperature, which is defined through the equipartition theorem for the ionic kinetic energy; (b) the diffusion coefficient, obtained from the long time behavior of the mean square displacement; (c) the time evolution of the distances between each atom and the center of mass of the cluster; and (d) the microcanonical average of the atomic distribution function, defined by dN at (r) = g(r)dr,
where dN at (r) is the number of atoms at distances from the center of mass between r and r + dr. These indicators are the same as those used in previous publications [6] [7] [8] .
